Tumor necrosis factor (TNF)-α, has been implicated in several muscle wasting disorders with increased levels of the cytokine reported in malnourished children. The role of TNF-α in mediating malnutrition-induced inhibition of diaphragm (DIA) muscle growth in young growing rats was evaluated. Three groups of rats were studied: 1) Control (CTL); 2) Nutritional deprivation (ND; 50% of normal food intake for 7 days); and 3) ND + rat specific anti-TNF-α antibody. DIA fiber cross-sectional areas (CSAs) were determined.
INTRODUCTION
Malnutrition contributes significantly to both morbidity and mortality in children, and may develop acutely in hospitalized pediatric patients, particularly those with critical illness (18, 41) . We have previously reported that the diaphragm of young growing animals exhibit significantly reduced nutritional reserve (26). While 90 hours of complete food deprivation significantly reduced the cross-sectional areas (CSAs) of all diaphragm fiber types in young growing animals, no impact was noted in adult rats following an identical experimental protocol (26, 27) . Similarly, Goodman et al. (15) reported negative influences on both arms of muscle protein turnover in young growing rats after short-term fasting, whereas no impact was observed in adult animals. Further, Oster et al. (38) reported significantly greater depression of insulin-like growth factor-I (IGF-I) with malnutrition in young rats compared to adult animals. It would thus appear that the respiratory and limb muscles of young growing animals are unable to biochemically adapt to even short periods of malnutrition (15) .
Basal serum levels of tumor necrosis factor-α (TNF-α) have been reported to be significantly elevated in malnourished compared to well-nourished children (14) . This is of interest as TNF-α, a pro-inflammatory cytokine (formally called "cachectin"), has been implicated in a number of disease states associated with muscle wasting/cachexia (2, 8, 9, 36, 52) . While circulating blood monocytes may be a source of TNF-α in some of these states (8) , local production by skeletal muscle fibers acting in an autocrine or paracrine fashion may also contribute (44) . Further, skeletal muscles have been demonstrated to express both TNF-α type 1 and 2 receptors (50) , thus facilitating the action of both systemic and locally derived TNF-α. In preliminary studies, we demonstrated increased TNF-α immunoreactivity in atrophied rat diaphragm muscle fibers following a number of catabolic insults (i.e., nutritional deprivation and administration of corticosteroids, Lewis MI, unpublished data) . This together with reports of increased circulating levels of TNF-α in malnourished children prompted us to consider whether TNF-α exhibited a pathogenic role in the negative influences of malnutrition on the diaphragm of young growing rats.
A number of pathophysiologic actions of TNF-α may contribute to muscle wasting. For example, TNF-α has been shown to decrease the fractional synthesis rate of both myofibrillar and sarcoplasmic proteins in the rat gastrocnemius (20) by impacting on translation initiation. This may, in part, reflect inhibition of muscle IGF-I expression by TNF-α (11) . Studies in muscle cell cultures exposed to TNF-α reported degradation of muscle-specific proteins, which was shown to be mediated by the transcription factor, nuclear factor-Kappa B (NF-κΒ) via an increase in ubiquitin-conjugating activity (30, 31) promoting muscle protein breakdown via the ubiquitin-proteasome proteolytic system (29,33). In addition, TNF-α has recently been shown to up-regulate a muscle specific E3 ligase via p38 mitogen-activated protein kinase (MAPK) (28). TNF-α may also downregulate the myogenesis factor, MyoD, in differentiated muscle cells (16) and activate DNA fragmentation with cancer cachexia (5).
The aim of the present study was to test the hypothesis that TNF-α has a significant pathophysiologic role in malnutrition-induced inhibition of diaphragm muscle growth in 4 young growing rats. We thus evaluated the contribution of TNF-α by administering ratspecific monoclonal anti-TNF-α antibodies to young growing nutritionally depleted animals.
METHODS

Animal Groups: Nutritional and Pharmacologic Protocol
The studies were performed in young male Sprague-Dawley rats (initial body weight 105 + 1.9 g). A purified powered balanced rodent diet (AIN 93G, Dyets) was used to manipulate the diet so as to provide 50% of normal intake over 7 days in several groups. This moderate level of nutritional deprivation was previously reported by us to produce atrophy of all diaphragm fiber types in young rats (22) . Water was provided to all animals ad libitum. In control animals, the diet was provided ad libitum. All animals were housed individually in a thermally controlled environment (22°C) with a dark:light cycle of 1:1.
Rat-specific anti-TNF-α monoclonal antibodies (rRT108) were provided as a gift by Centocor, Inc. (Radnor, PA). These antibodies were diluted with PBS and administered by intra-peritoneal (IP) injection every 48 hours during the experimental protocol, starting at time zero. The dose of 15 mg/kg with each injection produces significant prolonged neutralization of endogenous rat TNF-α (10,47; personal communication, Dr. David J.
Shealy, Centocor, Inc.). Animals not receiving anti-rat TNF-α injections were given equivalent volumes of PBS alone IP.
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The animal groups included: 1) Control (CTL; n = 6); 2) Nutritional deprivation (ND; n =7); and 3) ND + anti-TNF-α (n = 7). The experimental protocol was approved by the Cedars-Sinai Medical Center/Burns and Allen Research Institute Animal Care and Use Committee.
Immunohistochemical Analyses:
The entire costal regions of both hemidiaphragms were excised and weighted. A portion of the right mid-costal diaphragm was used for immunohistochemical studies while the remainder was used for protein analyses. The mid-costal diaphragm segment was mounted on cork and stretched to the estimated optimal length and then rapidly frozen in isopentane, which had been cooled to its melting point by liquid nitrogen. Serial sections were cut at 10 µm thickness using a cryostat (Reichert-Jung, model 2800E, Nussloch, Germany) kept at -20° C. (1:10). Subsequent procedures similar to those described above for MyHC. The level of immunoreactivity was quantified densitometrically within individual fiber types using the calibrated image analysis system described above.
Protein Analyses:
MyHC isoforms: Myofibril extraction and electrophoretic (SDS-PAGE) identification of
MyHC isoforms were determined as described in detail in a previous publication (23) . The separating gels were stained with silver nitrate (Silver Stain Plus kit; Bio-Rad, Hercules, CA) and densitometric measurements performed on dried gels. After background subtraction, the relative contribution of each band within a gel was determined.
Akt and p38 MAPK:
Protein 
Statistical Analysis
The distribution of data was tested for normality. Statistical analysis was performed using ANOVA (SigmaStat v. 2.0, Jandel, Richmond, CA). If a significant interaction was found, post-hoc analysis (Newman-Keuls test) was used to compare differences in independent
groups. An α level of 0.05 was used to determine significance. Values are presented as means + SEM.
RESULTS
Body and Muscle Weights
In ND animals, body weight fell progressively by 20.0 + 2.3% over 7 days, while CTL animals increased body weight by 45.9 + 1.8% (Figure 1) . In ND animals given TNF-α, no impact on body weight was observed with weight decreasing with a similar rate of decline as ND animals (Figure 1 ; reduced 17.6 + 2.1% at day 7). Costal diaphragm weight was reduced by 36.7% in ND animals compared to controls and by 34.2% in ND + anti-TNF-α rats (Figure 2A ; P < 0.01). No differences were observed between ND and ND + TNF-α animals (Figure 2A) . ND also resulted in significant reductions in the weights of the tibialis anterior (-35%; Figure 2A ), extensor digitorum longus (-41%; Figure 2B ) and soleus (-29%; Figure 2B ) muscles (P < 0.05). Provision of anti-TNF-α antibodies had no impact on the weights of these limb muscles (Figure 2 ).
Diaphragm Fiber Proportions and CSAs
The proportions of type I diaphragm muscle fibers were unaffected by ND ( Figure 3A) .
However, ND resulted in decreased proportions of type IIA fibers and increased proportions of type IIX diaphragm fibers ( Figure 3A ; P < 0.05). In ND + anti-TNF-α animals, all fiber proportions were similar to that noted in CTL animals ( Figure 3A) .
ND produced significant reduction in the CSAs of type I (~33%; P < 0.001), IIA (~43%; P < 0.001), and IIX (~46%; P < 0.001) diaphragm fibers compared to CTL rats ( Figure 3B ).
Similar levels of atrophy were observed in all diaphragm fiber types in ND and anti-TNF-α rats compared to CTL animals (P < 0.001; Figure 3B ). No differences in the CSAs of types I, IIA, and IIX fibers were noted between ND and ND + anti-TNF-α groups ( Figure   3B ).
Myosin Heavy Chain (MyHC) Isoforms
No differences were observed between the groups with regard to the relative proportions of MyHC isoforms in the diaphragm muscle (Figure 4) .
TNF-α α α α Studies
Serum TNF-α α α α: Mean serum TNF-α levels were increased 2.6 fold in ND animals compared to CTL ( Figure 5A) ; P < 0.05). In ND + anti-TNF-α animals, the mean serum TNF-α levels were suppressed to below CTL levels (i.e., 58% of CTL; P < 0.05; Figure   5A ).
Muscle TNF-α α α α: There was a 2-fold increase in TNF-α concentration (pg/mg protein) in the diaphragm muscle of ND animals compared to the CTL group ( Figure 5B ; P < 0.05).
Similar to serum studies, the provision of anti-TNF-α antibodies suppressed muscle levels of the cytokine in ND animals to near CTL values ( Figure 5B ).
TNF-α α α α Immunoreactivity in the Diaphragm:
Immunohistochemical studies were performed in order to localize the enhanced expression of TNF-α in ND animals within specific diaphragm fiber types. Diaphragm Muscle TNF-α α α α mRNA: There was a 3-fold significant increase in the abundance of TNF-α mRNA in the diaphragm of ND rats compared to CTL animals ( Figure 7A ; P < 0.01). The provision of anti-TNF-α antibodies to ND animals decreased the abundance of diaphragm TNF-α mRNA levels by 41% ( Figure 7A ; P < 0.05) to levels not significantly different from CTL animals ( Figure 7A ; P = 0.09).
Diaphragm IGF-I mRNA
The abundance of IGF-I mRNA in the diaphragm of ND animals decreased by 70% compared to CTL rats ( Figure 7B ; P < 0.0001). The provision of anti-TNF-α antibodies to ND animals had no impact on IGF-I mRNA levels ( Figure 7B ).
Diaphragm Akt and p38 MAPK
Western blot analyses showed no differences in the levels of total Akt in the diaphragm across all groups ( Figure 8A ). By contrast, the abundance of phosphorylated (Ser 473 ) Akt was reduced by 72% in ND animals ( Figure 8B ; P < 0.01), while it was reduced by 43%
with the provision of anti-TNF-α antibodies to ND animals ( Figure 8B ; P < 0.05). This level however, was still significantly greater than that found in non-treated ND animals ( Figure 8B ; P < 0.05).
There were no significant differences in the levels of total p38 MAPK in the diaphragm across all groups ( Figure 9A) . However, the abundance of phosphorylated (Thr 
Critique of Methods
While it would appear an attractive hypothesis that increased serum and diaphragm muscle expression of TNF-α with a cachectic insult are at least, in part, related, proof of concept required cause and effect to be demonstrated experimentally. To this end, we proposed that neutralization of TNF-α effects systemically and locally should aid in proof of concept, particularly if the impact of TNF-α in promoting inhibition of muscle fiber growth in the malnourished state was substantial.
The rat-specific TNF-α antibodies are highly effective. In a WEH1 tumor cell cytotoxicity assay, ~ 100 µg/ml of the antibody completely neutralized 10 pg/ml of rat TNF, while 4 mg/kg improved survival by 70% in rats given lethal doses of TNF-α ( regarding such speculation is beyond the scope of this study.
The serum level of TNF-α in the present study was similar to that reported in rats (114 + 12 pg/ml) using a rat specific ELISA kit (32) and mice (~150 pg/ml) (47) . Further suppression of serum TNF-α using anti-TNF-α antibodies in polyarthritic mice was similar to our values both in absolute terms and in direction of change (47) . There is a paucity of data on protein levels of TNF-α in muscle tissue of rodents. In one study (21) , gastrocnemius muscle levels in male rats were about half the values obtained in the diaphragm of our CTL rats, which increased twofold two hours following the administration of endotoxin. Limb muscles may express the cytokine differently, as we have also observed approximately 35% lower levels of TNF-α in the extensor digitorum longus compared to the diaphragm of rats (Fournier M; unpublished data).
Role of TNF-α α α α in Cachexia
TNF may contribute to muscle cachexia (2, 5, 8, 9, 36, 52) More recently, it has been reported that TNF-α acts via a p38 MAPK to stimulate the expression of a muscle specific E3 ligase (atrogin 1/MAFbx), which could contribute to muscle proteolysis as part of the ubiquitin-proteasome pathway (28). In the present study, despite suppression of p38 MAPK to control levels, no impact on malnutrition-induced inhibition of diaphragm muscle growth was observed. While TNF-α can also promote apoptosis and impact on myogenesis pathways (5,16), the pathogenetic contribution of these influences on muscle wasting clinically is not well defined.
Suppression of TNF-α α α α activity: Lack of Effect on Muscle Fiber Size
This paper highlights the importance of confirmatory study to provide proof of concept.
The key question that arises, however, is why impressive suppression of TNF-α activity failed to attenuate malnutrition-induced inhibition of diaphragm muscle growth. This likely is due to the multiplicity of pathogenetic mechanisms leading to malnutritioninduced growth failure in our model.
Nutritional regulation of IGF-I is well described, with decreased circulating (liver source) and muscle expression of IGF-I exquisitely linked to significant caloric and/or protein deprivation (37, 51, 53) . Reduced expression of IGF-I would be expected to curtail muscle protein synthesis by impacting on several important signal transduction pathways downstream of the IGF-I receptor, which mediate the translation of muscle proteins (20, 24) . In the present study, the significant reduction in diaphragm abundance of IGF-I mRNA with ND was unaffected by anti-TNF-α treatment. This would be expected to reduce protein expression of the growth factor and indeed we have recently reported significant reductions in diaphragm muscle IGF-I protein levels in adult rats subjected to 
